Protein tyrosine kinase 7 (PTK7) and cancer-associated fibroblasts (CAFs) play important roles in cancer stemness, respectively. However, little is known about interaction between CAFs and PTK7 in cancers. In this study, we showed that PTK7 was significantly correlated with the Wnt/β-Catenin pathway and aggressive clinicopathologic features in human head and neck squamous cell carcinoma (HNSCC). Meanwhile, animal experiments showed that PTK7 enhanced chemoresistance and lung metastasis of HNSCC in vivo. In addition, co-immunoprecipitation (co-IP) assay demonstrated that POSTN secreted by CAFs was a potential upstream ligand of PTK7 which might act as a receptor. Further analysis revealed that POSTN promoted the cancer stem cell (CSC)-like phenotype via PTK7-Wnt/β-Catenin signaling, including the proliferation and invasion of HNSCC cells in vitro, as well as tumor initiation and progression in vivo. Collectively, our study proved that CAF-derived POSTN might promote cancer stemness via interacting with PTK7 in HNSCC, suggesting that the combination of POSTN and PTK7 might be a potential prognostic and diagnostic indicator and a promising therapeutic target.
Introduction
The mechanisms of carcinogenesis and development of head and neck cancer (HNC), seventh most common cancer worldwide, are poorly understood 1 . Elective neck dissection has remarkedly improved the overall survival (OS) rates of patients with early stage disease, but many patients are actually overtreated 2 . Therefore, there is still an urgent need to determine the cellular and molecular mechanisms of HNCs. Among tumor cells, there are small fractions of cells known as cancer stem cells (CSCs), which are related to proliferation, differentiation ability, metastasis, and chemotherapy resistance [3] [4] [5] [6] . Our previous study demonstrated that protein tyrosine kinase 7 (PTK7) is highly expressed in head and neck squamous cell carcinoma (HNSCC) sphere-forming cells compared to adherent cells 7 , which suggests that PTK7 acts as a CSC marker in HNSCC. PTK7 is also reported to be a surface marker for the isolation of human colon stem cells, which have higher self-renewal and reseeding capacity 8 . Also known as colon carcinoma kinase-4 (CCK-4), PTK7 is known to be upregulated in various types of cancer, including gastric cancer, colon cancer, esophageal cancer, and breast cancer, and is associated with drug resistance, elevated metastatic ability, and poor survival 9, 10 . Furthermore, PTK7 is reported to be associated with the Wnt pathway [11] [12] [13] [14] [15] , which is related to the regulation of CSCs 4, 16, 17 . Wnt signaling is activated through the canonical Wnt/β-Catenin pathway, the Wnt/Ca 2+ pathway, and the planar cell polarity pathway 18 . The initiation and progression of cancer are mostly related to the canonical pathway 10, 18 . However, whether PTK7 acts as a promoter or inhibitor of the canonical Wnt/β-Catenin pathway is still controversial [13] [14] [15] . Periostin (encoded by Postn) is a matricellular protein secreted by cancer-associated fibroblasts (CAFs), which may promote cancer stemness, initiation, and progression 19, 20 , and is overexpressed in many cancers, such as breast cancer, colon cancer, glioblastoma, gastric cancer, and liver cancer [21] [22] [23] [24] [25] . Many reports have demonstrated that POSTN promoted the CSC-like phenotype of tumor cells and was related to the canonical Wnt/β-Catenin pathway [25] [26] [27] [28] . Our previous study demonstrated that POSTN was highly expressed in tumor stroma compared to tumor cells and that it promoted tumor progression and metastasis in HNSCC 29 . However, whether POSTN maintains the CSC-like phenotype in HNSCC via PTK7-Wnt signaling is still unknown. Given that POSTN and PTK7 are both related with the Wnt/β-Catenin pathway, we assume that there exists some molecular link between POSTN and PTK7.
To determine the molecular link among POSTN, PTK7, and the canonical Wnt/β-Catenin pathway in HNSCCs, we first analyzed the expression patterns of PTK7 and its correlation with clinicopathologic significance. The relationship between PTK7 and β-Catenin/Wnt signaling was also analyzed. Moreover, we investigated the molecules secreted by CAFs with which PTK7 interacts and focused on POSTN. The effects of POSTN and PTK7 on cancer stemness and the proliferation and invasion of tumor cells were measured both in vitro and in vivo. The potential relationship among PTK7, POSTN, and the canonical Wnt/β-Catenin pathway was clarified. In this study, we found that the POSTN-PTK7 axis plays an important role in the CSC-like phenotype and the tumor progression and metastasis of HNSCC, suggesting that it is a potential prognostic marker and therapy target of HNSCCs.
Results
Increased PTK7 expression is correlated with the Wnt/β-Catenin pathway and increased aggressive clinicopathologic features in HNSCC Analysis of the Cancer Genome Atlas (TCGA) dataset showed that PTK7 is highly expressed in many tumors (Supplementary Figure 1A) , and higher PTK7 levels are correlated with poor disease-free survival (DFS) in human HNSCC (Supplementary Figure 1B) . The PTK7 gene was expressed at high levels in HNSCC tissues compared to normal tissues (Fig. 1a) . The results of reverse transcriptase polymerase chain reaction (RT-PCR) indicated that PTK7 mRNA levels were higher in tumor tissues than in adjacent normal tissues (Fig. 1b) . Correspondingly, western blot showed that the protein levels of PTK7 were also significantly upregulated in HNSCC tissues compared to normal tissues (Fig. 1c) . Since PTK7 acts as a regulatory factor of the canonical Wnt/β-Catenin pathway, we analyzed the correlation between PTK7 and β-Catenin expression by immunohistochemistry (IHC), whose results showed that normal tissues and HNSCC tissues displayed concordant negative, weak, moderate, and strong PTK7 and β-Catenin staining (Fig. 1d) . The data showed that β-Catenin expression was positively correlated with PTK7 expression (R = 0.4819, p < 0.0001) (Fig. 1e) , which was consistent with the data in TCGA (Supplementary Figure 1C) . We then analyzed the clinical significance of the changes in PTK7 expression in HNSCC. As shown in Table 1 and Fig. 1h , high PTK7 expression levels were associated with a poor histological grade, a larger tumor size (greater than 4 cm in diameter), and nodal metastasis in the HNSCC specimens; however, PTK7 expression levels were not associated with the following parameters: age, gender, smoking, alcohol, and local recurrence. Kaplan-Meier analysis was performed to analyze the OS and the DFS of HNSCC patients. The results showed that the HNSCC patients with strong PTK7 staining had poorer OS (p = 0.01051) (Fig. 1f) and poorer DFS (p = 0.0136) (Fig. 1g) . Cox regression analyses revealed that PTK7 expression was significantly correlated with poor OS in the patients with HNSCC and was an independent predictor of prognosis in such patients (Table 2) . Taken together, these data indicate that PTK7 expression is frequently upregulated in human HNSCC tissues and is correlated with the Wnt/β-Catenin pathway and poor clinical outcomes in HNSCC patients.
Inhibition of PTK7 enhanced erlotinib efficacy and reduced β-Catenin expression and mouse lung metastasis in vivo
Many studies have reported that CSCs contributed to chemoresistance 5, 30 . Erlotinib is a small-molecule tyrosine kinase inhibitor that inhibits the kinase domain of the EGFR 31 and has been tested in the clinic as treatments for recurrent and/or metastatic HNSCC [32] [33] [34] . We determined to test whether PTK7 inhibition reduced tumor progression and increased erlotinib sensitivity in vivo. As shown in Fig. 2a, b , tumor volume and weight in each treatment group were significantly decreased compared to those in the control group. Additionally, tumor volume and weight in the group treated with the combination of the PTK7 antibody and erlotinib were significantly lower than those in the groups treated with the PTK7 antibody or erlotinib alone (Figs. 2a, b, Supplementary Figure 1D and 1E). There was no morphological difference in hematoxylin and eosin (H&E) staining in the tumors among the four groups (Fig. 2c) . IHC analysis of Ki67, PTK7, and β-Catenin expression demonstrated that the numbers of Ki67-, PTK7-, and β-Catenin-positive cells in the three treatment groups were significantly lower than those in the control group and that the combined treatment group showed a significantly greater decrease than the groups treated with the PTK7 antibody or erlotinib alone (Fig. 2d) .
To investigate the role of PTK7 in lung metastasis models, the lungs were isolated at 0, 1, and 4 days and at 1 and 2 weeks (Supplementary Figure 1F) . Whole-mount pictures revealed that tumor cell numbers decreased during the first week; in week 2, the tumor colonies took up virtually the entire lung (Supplementary Figure 1G) . The PTK7 antibody group had fewer tumor cells and colonies than the control group (p < 0.001) (Supplementary Figure 1G ). Consistent with these results, H&E staining and the lung weight data revealed that the PTK7 antibody decreased colony numbers and lung weight compared to the control treatment (p < 0.001) (Figs. 2e, f and Supplementary Figure 1H) . Taken together, these data suggest that PTK7 inhibition enhanced erlotinib efficacy and reduced β-Catenin expression and lung metastases in vivo.
POSTN secreted by CAFs is a potential ligand of PTK7
The immunohistochemical analysis of PTK7 expression in HNSCC tissues revealed that PTK7 was mainly upregulated in the tumor cells and was weakly expressed in the tumor stroma (Supplementary Figure 2A) . To detect the distribution of PTK7 in HNSCC tissues, we isolated normal fibroblasts (NFs) and CAFs from adjacent normal tissues and tumor tissues of HNSCC patients. Western blot showed that PTK7 was highly expressed in the tumor cells compared to the stromal cells and that PTK7 expression levels in the CAFs were higher than those in the NFs (Supplementary Figure 2B) . To evaluate the purity of CAFs, western blot showed that the expression of E-cadherin (a protein mainly expressed on the cell surface of most epithelial tissues) was high in tumor cells but almost none in CAFs. Similarly, the expression of Vimentin (a protein mainly expressed in mesenchymal cells) was high in CAFs, but relatively lower in tumor cells (Supplementary Figure 2C) . PTK7 protein levels in the HNSCC cell lines were increased compared to those in the normal oral epithelial cells and NFs (Supplementary Figure 2C and D) . Interestingly, IHC showed that there was strong PTK7 staining at the boundary between the tumor cells and tumor stroma ( Supplementary Figure 2A) , suggesting that PTK7 played a role in the interaction between the tumor cells and stromal cells. To further investigate the interaction between PTK7 and CAFs, we performed co-immunoprecipitation (co-IP) assay. The gel was silver stained (Fig. 3a) and performed mass spectrometry (MS) analysis. Several proteins secreted by CAFs, including POSTN, Dermcidin (DCD), and a 78-kDa glucose-regulated protein (HSPA5), were identified from the immunoprecipitated elution (Fig. 3b , Supplementary Figure 3A and B, Supplementary Tables 1 and  2 ). According to TCGA dataset, POSTN was most significantly correlated with PTK7 (Pearson R value = 0.59) (Supplementary Figure 3C) . We then analyzed the correlation between POSTN and PTK7 in other types of tumors, including Bladder Urothelial Carcinoma (BLCA), Cholangiocarcinoma (CHOL), Kidney Chromophobe (KICH), Pancreatic adenocarcinoma (PAAD), and the results showed that POSTN was most highly correlated with PTK7 in the tumors (Supplementary Figure 3D-3F ). In addition, POSTN staining revealed that POSTN was mainly located in the tumor stroma ( Supplementary Figure 2E ). Western blot demonstrated that POSTN was mainly expressed in CAFs rather than in NFs and tumor cells (Supplementary Figure 2F) , a finding consistent with those of our previous study.
As shown in Supplementary Figure 2D , PTK7 expression levels were higher in the SCC-25 and HN6 cell lines but were lower in the CAL 27 cell line. We performed co-IP assay in the co-cultured system of HN6 + CAFs and SCC-25 + CAFs and the results revealed an endogenous interaction between POSTN and PTK7 (Figs. 3c, d ). In addition, the immunofluorescence imaging revealed the (see figure on previous page) Fig. 1 Increased PTK7 expression is correlated with the Wnt/β-Catenin pathway and aggressive clinicopathologic features and predicts a poor prognosis in HNSCC. a Relative PTK7 mRNA expression levels in normal tissues and HNSCC tissues from TCGA database are shown. *p < 0.05. b Relative PTK7 mRNA levels in 74 paired adjacent normal tissues and HNSCC tissues were evaluated by RT-PCR. ****p < 0.0001, based on the paired ttest. c PTK7 protein expression levels in 12 paired adjacent normal tissues and HNSCC tissues were determined by western blot. Tubulin was used as a loading control. d IHC analysis of PTK7 and β-Catenin expression levels in tissue microarrays containing 10 normal tissues and 98 HNSCC tissues. Images of negative, weak, moderate, and strong PTK7 and β-Catenin staining are shown. Scale bar: 20 μm. e The correlation of PTK7 and β-Catenin expression was analyzed in tissue microarrays containing 10 normal tissues and 98 HNSCC tissues (R = 0.4819, p < 0.001). f OS was significantly different between the low and high PTK7 expression groups in HNSCC (p = 0.0105, HR = 2.931, 95% CI of ratio: 1.598-5.378). g DFS was significantly different between the low and high PTK7 expression groups in HNSCC (p = 0.0136, HR = 2.303, 95% CI of ratio: 1.184-4.479). h PTK7 protein expression levels were significantly associated with historical grade, tumor size, and nodal status colocalization of PTK7 and POSTN in human HNSCC tissues (Fig. 3e) . Consistently, HN6 and CAFs co-culture system showed that POSTN secreted by CAFs colocalized with PTK7 (Fig. 3f) . Collectively, these results indicated that POSTN secreted by CAFs colocalized and interacted with PTK7 in HNSCC.
POSTN secreted by CAFs promoted the CSC-like phenotype of HNSCC cells and PTK7 might act as a receptor
Many studies have reported that POSTN secreted by CAFs promoted tumor progression and the CSC-like phenotype 24, 25, 35, 36 , and PTK7 has been shown to be a CSC marker in some tumors 7, 8 . We efficiently knocked down PTK7 expression in the HN6 and SCC-25 cells and overexpressed PTK7 expression in CAL 27 cells with GFP-tagged lentivirus (Supplementary Figure 4A) . Then, we assessed the effect of POSTN and PTK7 on the CSClike phenotype of tumor cells and the RT-PCR analysis showed that PTK7 knockdown impaired the expression of the CSC markers CD166, SALL4, CD271, CD90, CD133, OCT-4, ALDH, SOX2, and NANOG in the HN6 and SCC-25 cells. After treatment with rhPOSTN, the CSC markers of the HN6 and SCC-25 shNC cells upregulated about 7-17-fold, but that in the shPTK7 cells only upregulated about 1-4-fold ( Fig. 4a and Supplementary Figure 4B ), suggesting that PTK7 might act as a receptor of POSTN in POSTN-promoting CSC marker expression. In addition, overexpression of PTK7 and treatment with rhPOSTN improved the expression of the CSC markers in CAL 27 cells about 2-5-fold and 4-9-fold, respectively. Moreover, the combination of PTK7 overexpression and rhPOSTN treatment led to mRNA expression levels of CSC markers increasing about 10-22-fold in CAL 27 (Supplementary Figure 4C) . Simultaneously, sphere formation and colony formation were significantly decreased in the HN6 and SCC-25 shPTK7 cells compared with the shNC cells (p < 0.01). Treatment with rhPOSTN increased the sphere-forming and colony formation capacity of the shNCs, but not that of the shPTK7 cells (Figs. 4b, c; Supplementary Figure 4D and 4F). Moreover, PTK7 overexpression and rhPOSTN treatment in CAL 27 cells Figure 4H ). However, PTK7 overexpression in CAL 27 cells induced an almost 3-fold increase in resistance to erlotinib (Supplementary Figure 4I) . The results of proliferation, migration, invasion, and motility assays were also similar to that of sphere-forming and colony formation capacity assays ( Figure 6E ). H&E staining did not demonstrate morphological differences in the xenograft tumors among HN6 shNC, HN6 shPTK7, HN6-NC-rhPOSTN, and HN6-shPTK7-rhPOSTN groups (Fig. 5c) . The results of IHC assays showed that PTK7 knockdown reduced the proportion of Ki67-and β-Catenin-positive cells in the xenograft tumors and that rhPOSTN enhanced the proportion of Ki67-and β-Catenin-positive cells in the HN6 shNC cell population (Fig. 5d) . Consistent with the in vitro data, these studies demonstrated that the POSTN-PTK7 axis promoted tumorigenicity and β-Catenin expression in HNSCC.
POSTN-PTK7 regulated Wnt/β-Catenin signaling in HNSCC
Considering that PTK7 serves as a catalyst for the Wnt pathway, we further investigated whether the POSTN-PTK7 influences the activation of Wnt/β-Catenin signaling. Western blot showed that the levels of p-LRP6, Dvl2, Naked2, p-GSK3β, and β-Catenin in the shNC cells markedly increased after rhPOSTN stimulation, but the HN6 and SCC-25 shPTK7 cells failed to activate Wnt/β-Catenin signaling. The expression level of GSK3β remained unchanged in both HN6 and SCC-25 cells (Figs. 6a, b) . Correspondingly, rhPOSTN treatment also activated Wnt/β-Catenin signaling in the CAL 27 cells, and PTK7 overexpression enhanced the activation of Wnt/β-Catenin signaling (Fig. 6c) . In addition, immunofluorescence showed that when the HN6 shNC cells were treated with rhPOSTN, β-Catenin translocated from the cytoplasm to the nucleus; however, β-Catenin remained in the cytoplasm in the HN6 shPTK7 cells (Fig. 6d ). All these results indicated that POSTN activated Wnt/β-Catenin signaling by interacting with PTK7 (Fig. 6e) .
Discussion
Although the treatment strategies for HNSCC have evolved much in recent years, high metastasis and recurrence rates result in unsatisfactory quality of life in patients with HNSCC 37 . CSCs are reported to play a major role in HNSCC persistence, metastasis, and recurrence, as well as in chemoresistance and radiation resistance 3, 38, 39 . Hence, understanding the mechanisms of HNSCC initiation, progression and the CSC-like phenotype may facilitate the development of future treatments.
We considered PTK7 as a new CSC surface marker for HNSCC as a result of our previous study 7 . PTK7 overexpression has been reported in multiple cancers [40] [41] [42] [43] [44] [45] , and previous reports have shown that an antibody-drug conjugate (ADC) targeting PTK7 was effective in treatment of triple-negative breast cancer, ovarian cancer, and non-small cell lung cancer 46, 47 . In our study, we focused on detecting the cancer stemness and molecular mechanism of PTK7 in the initiation and progression of HNSCC instead of focusing on epidemiological results alone. Our data showed that PTK7 was highly expressed in HNSCC tissues and was associated with elevated Wnt/ β-Catenin expression and poor clinical outcomes. Additionally, PTK7 inhibition enhanced erlotinib efficiency and reduced Wnt/β-Catenin expression and lung (see figure on previous page) Fig. 2 PTK7 inhibition enhanced erlotinib efficacy and reduced metastasis in vivo. a HN6 tumor-bearing mice were treated with vehicle, PTK7 antibody (10 μg per tumor nodule) around the tumor, erlotinib (50 mg/kg/day), or PTK7 antibody + erlotinib. After 14 days, the treatment was terminated; growth was monitored for a total of 18 days, and tumor volume was calculated. b The tumor weight of the HN6 tumor-bearing mice was calculated. c H& E staining of tumors from the HN6 tumor-bearing mice is shown. Scale bar: 10 μm. d Immunohistochemical analysis of PTK7, Ki67, and β-Catenin expression in tumor tissue sections from the BALB/C mice is shown. **p < 0.01, ***p < 0.001, ****p < 0.0001, based on Student's t-test. Scale bar: 10 μm. e H& E staining of lung tissue sections from BALB/C nude mice from the Rca-T and Rca-T + PTK7 antibody groups killed at 0, 1, and 4 days and 1 and 2 weeks is shown. Scale bar: 10 μm. f The lung weights of the Rca-T and Rca-T + PTK7 antibody groups at 0, 1, and 4 days and 1 and 2 weeks are shown. *p < 0.05, **p < 0.01, ***p < 0.001, based on Student's t-test metastasis in vivo. Therefore, PTK7 might be a prognostic and diagnostic biomarker for HNSCC.
Many reports have demonstrated that tumor progression and metastasis are joint effects of the tumor microenvironment and cancer cells 48, 49 . CAFs are an important for creating different tumor components for cancer cells [50] [51] [52] [53] . A previous study showed that CAFs secreted many factors that promote tumor initiation and progression 54 . This raised the question of why we focused on POSTN as the molecular link between tumor cells and CAFs. Our answer to this question has three parts. Firstly, our previous study reported that POSTN was mainly secreted by CAFs and played a major role in tumor growth and metastasis in HNSCC 29 . Secondly, many reports have demonstrated that POSTN promoted the CSC-like phenotype in tumors and was an upstream promoter of Wnt/β-Catenin signaling 24, 26, 55, 56 . Thirdly, in this study, the MS results showed that PTK7 interacted with POSTN in CAFs. In addition, data from TCGA demonstrated that POSTN expression was positively correlated with PTK7 expression in HNSCC. Hence, we tried to explain the mechanism of the relationship among POSTN, PTK7, and Wnt/β-Catenin signaling. In this study, the data showed that POSTN significantly upregulated the CSC-like phenotype, proliferation, and invasion in HNSCC. However, PTK7 knockdown suppressed the function of POSTN. Therefore, we concluded that POSTN might play a major role in cancer stemness and tumor progression by interacting with PTK7 in HNSCC. The IHC results showed that POSTN was mainly located in the tumor stroma and that PTK7 was located mainly in cancer cells. This finding supports the opinion of the interaction between the tumor stroma and cancer cells and may facilitate the development of future treatments for HNSCC.
As previous reports have shown, the Wnt signaling pathway plays an important role in the normal development of tissues and organs 14, 15, 57 , but abnormal activation might lead to cancer progression [58] [59] [60] [61] . To understand the mechanism of this phenomenon, our study focused on Wnt/β-Catenin axis for two reasons. Firstly, PTK7 is known to be a receptor in Wnt signaling, and PTK7 knockdown inhibits Wnt/β-Catenin signaling 9, 15 . Our data also demonstrated the positive correlation between PTK7 and Wnt/β-Catenin. Secondly, POSTN is reported to promote cancer stemness through Wnt/β-Catenin signaling. Hence, we supposed that POSTN and PTK7 have some molecular link involving the Wnt/β-Catenin axis. The results showed that secreted POSTN might bound to PTK7 on the cytomembrane, transduced signals to disheveled protein (Dvl2) through the cell surface receptor Lrp6, and induced the phosphorylation of GSK3β and the hypo-phosphorylation of β-Catenin, which caused β-Catenin to accumulate in the cytoplasm and enter the nucleus, suggesting that POSTN-PTK7 successfully activated the canonical Wnt signaling pathway. These results suggest that secreted POSTN plays an important role in the CSC-like phenotype and tumor progression in HNSCC. In addition, other studies reported that POSTN was also related to the integrinβ1/integrin αvβ3/AKT/ Nanog/Notch pathway in addition to Wnt/β-Catenin signaling 24, 26, 62 . Therefore, it would be interesting to study the influence of POSTN-PTK7 on other signaling pathways.
In conclusion, this is the first time to demonstrate the relationship between POSTN and PTK7. Combination treatments targeting POSTN and PTK7 might be more effective, but further experiments should be performed to evaluate the exact mechanism of the interaction between these proteins and treatment efficiency in the future.
Materials and methods

Ethics statement
The tissue samples were collected from the Oral Cancer Tissue Bank of Shanghai, Affiliated with the Ninth People's Hospital of the Shanghai Jiao Tong University School of Medicine. The experiments were approved by the Clinical Research Ethics Committee of Ninth People's Hospital, Shanghai Jiao Tong University School of Medicine. All procedures were carried out in accordance with the approved guidelines of the Shanghai Jiao Tong University, and the studies were performed in accordance with the provisions of the Helsinki Declaration of 1975. All the patients involved in this study provided written informed consent, in accordance with institutional guidelines.
(see figure on previous page) Fig. 3 POSTN secreted by CAFs is a potential ligand of PTK7. a The eluates of the CAFs were subjected to co-IP with the PTK7 antibody, and the silver stain photo of control (IgG) and co-IP (anti-PTK7) group is shown. b The MS/MS spectrum of POSTN is shown. c Cell lysates from HN6 + CAFs and SCC-25 + CAFs were prepared and immunoprecipitated with IgG and anti-POSTN antibodies. The cell lysates and immunoprecipitates were analyzed by western blot with anti-PTK7 and anti-POSTN antibodies. d Cell lysates from HN6 + CAFs and SCC-25 + CAFs were prepared and immunoprecipitated with IgG and anti-PTK7 antibodies. The cell lysates and immunoprecipitates were analyzed by western blot with anti-PTK7 and anti-POSTN antibodies. e The localization of POSTN and PTK7 in the HNSCC tissues was detected by confocal laser scanning microscopy, as indicated. Scale bar: 50 μm. f The localization of POSTN and PTK7 in the co-cultured HN6 and CAFs cells was detected by confocal laser scanning microscopy, as indicated. Scale bar: 10 μm
Cell cultures
Rca-T, NFs, CAFs, and five HNSCC cell lines, CAL 27, SCC-25, SCC-9, HN6, HN30 were used in these experiments 63 .The human HNSCC cell lines HN6, HN30, SCC-9, SCC-25, and CAL 27 were obtained from the National Institutes of Health. The Rca-T cell line was purified from tongue squamous cell carcinoma tissues induced by adding 4-nitroquinoline-1-oxide into Sprague-Dawley rats' drinking water. NFs and CAFs were isolated from adjacent normal tissues and tumor tissues of HNSCC patients by primary culture. HN6, HN30, CAL 27, NFs, CAFs, and Rca-T were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco, Grand Island, NY, USA), containing 10% fetal bovine serum (FBS; Gibco, USA), 100 units/mL penicillin and 100 μg/mL streptomycin at 37°C in a humidified 5% CO 2 atmosphere. SCC-9 and SCC-25 were cultured in DMEM/F12 media (Gibco, Waltham, MA, USA), containing 10% FBS (Gibco, USA), 100 units/mL penicillin and 100 μg/mL streptomycin at 37°C in a humidified 5% CO 2 atmosphere.
Patients and samples
Tissue microarrays included 10 normal tissues and 101 primary HNSCC tissues from HNSCC patients who received surgery at the Department of Oral and Maxillofacial-Head and Neck Oncology, Ninth People's Hospital, Shanghai Jiao Tong University School of Medicine. Seventy-four pairs of HNSCC specimens (adjacent normal tissues and tumor tissues) were used for quantitative real-time PCR (qRT-PCR) and 12 pairs were used for western blot analysis. All patients wrote the informed consent and these studies were approved by the Ethics Boards of the Ninth People's Hospital.
IHC and Immunofluoresence
For IHC, we used tissue microarrays containing 101 HNSCC specimens and 10 normal tissues at Shanghai Ninth People's Hospital. One patient's tissues were removed from the study during IHC staining, and two patients had no follow-up information; thus, a total of 98 patients, including 66 patients who survived and 32 patients who died, remained in the study. Paraffinembedded slides were deparafnized in graded xylene, rehydrated in graded ethanols, and then were heated with citric acid buffer for antigenic retrieval. The slides were cooled at room temperature and submerged into 0.3% hydrogen peroxide for 15 min to block endogenous peroxidase activity. After washed in phosphate-buffered saline (PBS) for 5 min, sections were blocked with 10% bovine serum albumin (BSA) at room temperature for 1 h. The indicated primary antibodies were incubated on the tissues in a humidified chamber at 4°C overnight, and horseradish peroxidase (HRP)-labeled goat anti-mouse or goat anti-rabbit secondary antibody (Gene Tech, China) was incubated for 30 min at room temperature. Hematoxylin and dehydration were used to counterstain the nucleus. Then slides were submerged into graded ethanols and xylene and covered with coverslips. Primary antibodies were used at the following dilutions: rabbit polyclonal PTK7 antibody (Proteintech, 17799-1-AP, USA; 1:200), Mouse Monoclonal Ki67 antibody (Dako, China; 1:150), rabbit polyclonal β-Catenin antibody (Proteintech, 51067-2-AP, USA; 1:200). The histochemistry score (H-score) was quantified using a semiautomated computerized image analysis system (Quant Center; Pannoramic MIDI/P250, 3DHISTECH, Hungary), which was reported to analyze histological sections in previous studies [64] [65] [66] . H-score = ∑(PI × I) = (percentage of cells of weak intensity × 1) + (percentage of cells of moderate intensity × 2) + (percentage of cells of strong intensity × 3). I represents the intensity of staining and PI represents percentage of stained tumor cells. The H-score was independently assessed by two assessors who were not aware of the clinical outcomes. In this study, the median PTK7 H-score for all samples was 121.4275, which was the cutoff value for PTK7 low or high (see figure on previous page) Fig. 4 POSTN secreted by CAFs promotes the CSC-like phenotype and tumor initiation in HNSCC by interacting with PTK7. a After being starved with serum-free DMEM overnight, HN6 shNC and shPTK7 were exposed to rhPOSTN for 0 or 72 h, and the expression of the CSC markers CD166, SALL4, CD271, CD90, OCT-4, ALDH1, SOX2, and NANOG was analyzed by RT-PCR. **p < 0.01, ***p < 0.001, ****p < 0.0001, based on Student's ttest. b After being starved with serum-free DMEM overnight, HN6 shNC and shPTK7 were exposed to rhPOSTN for 0 or 72 h, and then their sphereforming capacity was assessed. The results are shown as the mean ± SD. **p < 0.01, ***p < 0.001, based on Student's t-test. Scale bar: 20 μm. c After being starved with serum-free DMEM overnight, HN6 shNC and shPTK7 were exposed to rhPOSTN for 0 or 72 h, and then colony formation assay was performed. The results are shown as the mean ± SD. **p < 0.01, ***p < 0.001, based on Student's t-test. d After being starved with serum-free DMEM overnight, HN6 shNC and shPTK7 were exposed to erlotinib at different concentrations for 72 h. The IC 50 of erlotinib was evaluated on the basis of cell viability using CCK8 assay. e After being starved with serum-free DMEM overnight, HN6 shNC and shPTK7 were exposed to rhPOSTN for 0 or 72 h, and then proliferation assay was performed. The results are shown as the mean ± SD. *p < 0.05, **p < 0.01, based on Student's t-test. f After being starved with serum-free DMEM overnight, HN6 shNC and shPTK7 were exposed to rhPOSTN for 0 or 72 h, and then scratch-wound-healing assay was performed. The results are shown as the mean ± SD. **p < 0.01, ***p < 0.001, based on Student's t-test. Scale bar: 40 μm. g, h After being starved with serum-free DMEM overnight, HN6 shNC and shPTK7 were exposed to rhPOSTN for 0 or 72 h, and then migration and invasion assay was performed. The results are shown as the mean ± SD. **p < 0.01, ***p < 0.001, ****p < 0.0001, based on Student's t-test. Scale bar: 30 μm expression. Therefore, H-score <121.4275 was considered low expression and H-score >121.4275 was considered high expression.
For tissues immunofluoresence, after incubated with primary antibodies (PTK7, Proteintech, 17799-1-AP, USA; 1:200; POSTN, Proteintech, 19899-1-AP, USA; 1:200), tissue sections were incubated with SignalStain® Boost IHC detection Reagent (HRP rabbit, #8114, CST or HRP mouse, #8125, CST) in a humidified chamber at room temperature for 30 min, protected from light. Fluorophore-conjugated TSA® Plus Amplification Reagent (NEL760001KT) was diluted as per the manufacturer's recommendation and incubated for 10 min at room temperature in a humidified chamber, protected from light. After wash three times, mount sections was covered with coverslips using ProLong® Gold Antifade Reagent with DAPI (CST, #8961).
For cells immunofluoresence, cells grew on coverslips, washed three times, fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and incubated with primary antibodies (PTK7; Proteintech, 17799-1-AP, USA; 1:200; β-Catenin, Proteintech, 51067-2-AP, USA; 1:200) at 4°C overnight. Cells were incubated with secondary antibody (HRP rabbit, #8114, CST) and stained with Fluorophore-conjugated TSA® Plus amplification reagent (NEL760001KT), then covered with coverslips using ProLong® Gold Antifade Reagent with DAPI (CST, #8961).
Real-time PCR
Total RNA was extracted with TRIzol Reagent (Invitrogen, USA) according to the manufacturer's protocol and subsequently reverse transcribed into cDNA using the PrimerScript RT reagent Kit (Takara, Japan). The cDNA was amplified using the SYBR Premix Ex Taq reagent kit (Takara, Japan) according to the protocol. All the real-time PCR reactions were performed with an ABI StepOne real-time PCR system (Life Technologies, USA). Specific primers for PCR were provided in Table 3 .
Western blot analysis
HNSCC cells or tissues were harvested in RIPA lysis buffer (Yeasen, China) and whole-cell lysate was electrophoresed using sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to a polyvinylidene fluoride (PVDF) membrane, blocked with non-fat milk for 1 h at room temperature, and probed with primary antibodies: a rabbit polyclonal PTK7 antibody (Proteintech, 17799-1-AP, USA; 1:1000), a rabbit monoclonal p-Lrp6 antibody (CST, #2568, USA; 1:1000), a rabbit monoclonal Dvl2 antibody (CST, #3224, USA; 1:1000), a rabbit monoclonal Naked2 antibody (CST, #2073, USA; 1:1000), a rabbit monoclonal GSK3β antibody (Proteintech, 22104-1-AP, USA; 1:1000), a rabbit polyclonal p-GSK3β antibody (Signalway Antibody, #11002, USA; 1:1000), a rabbit polyclonal β-Catenin antibody (Proteintech, 51067-2-AP, USA; 1:1000), a rabbit polyclonal E-cadherin antibody (Proteintech, 20874-1-AP, USA; 1:1000), a rabbit polyclonal Vimentin antibody (Proteintech, 10366-1-AP, USA; 1:1000), a rabbit polyclonal alpha-Tubulin Polyclonal antibody (Proteintech, 11224-1-AP, USA; 1:1000) overnight at 4°C and then with rabbit or mouse HRP-linked secondary antibodies (CST, USA; 1:10000) and visualized with ECLUltra (New Cell and Molecular Biotech, Suzhou, China).
Protein silver stain and co-IP assay
Protein sliver stain and co-IP Assay was performed using the Pierce Classic IP Kit (Thermo Scientific). To Table 3 Primers used in RT-PCR
Gene name
Forward primer Reverse primer
The POSTN-PTK7 axis promotes tumor growth in HNSCC cells in vivo. a HN6 shNC cells (1 × 10 6 ) with or without 100 ng/mL rhPOSTN were subcutaneously injected into the left flanks of the BALB/C nude mice, and HN6 shPTK7 cells (1 × 10 6 ) with or without 100 ng/mL rhPOSTN were subcutaneously injected into the right flanks of the BALB/C nude mice. Time course analyses of tumor growth are presented. **p < 0.01, ***p < 0.001, based on Student's t-test. b The mice were sacrificed after 22 days, and the tumors were isolated. c Representative H&E staining of tumor tissue sections from the BALB/C mice is shown. Scale bar: 10 μm. d Immunohistochemical analysis of PTK7, Ki67, and β-Catenin staining in tumor tissue sections from the BALB/C mice is shown. ** p < 0.01, ***p < 0.001, based on Student's t-test. Scale bar: 10 μm detect whether PTK7 act with proteins in CAFs, CAFs were rinsed with cold PBS and lysed in the IP Lysis for 5 min, subsequently centrifuged at 13,000 rpm for 10 min to pellet the cell debries. Control agarose slurry was added into the lysate to remove non-specificity integration and primary antibody (PTK7, Proteintech, 17799-1-AP) or control IgG (CST, #2729) was added to the lysates at 4°C overnight. After washing three times, the antibody/lysate mixture was captured by the Pierce Protein A/G Agarose and then detected by electrophoresis.
For protein sliver stain, gel was fixed in 10% acetic acid +40% ethyl alcohol for 120 min, and then was sensitized in sensitization liquid for 60 min at room temperature. After washing three times for 30 min, gel was submerged into 0.1% silver nitrate for 60 min. The gel was washed for another four times and developed color until desired intensity of staining occurs. Terminate the color development and wash the gel for permanent storage. All steps used the Protein Sliver Stain Kit (Yeason, China).
For co-IP Assay, the antibody/lysate mixture was captured by the Pierce Protein A/G Agarose and then detected by western blot according to the manufacturer's protocols. To further elevate the exact interaction between POSTN and PTK7, HN6 or SCC-25 cells were co-cultured with CAFs and POSTN (Abcam, ab219056), PTK7 (Proteintech, 17799-1-AP), or control IgG (CST, #2729) was added to the the lysaste mixture at 4°C overnight. After washing three times, the antibody/lysaste mixture was captured by the Pierce Protein A/G Agarose and then detected by western blot according to manufacturer's protocols.
MS analysis
The proteins in gel of control and the co-IP after silver stain were reduced in DTT for 1 h at 56°C and were alkylated by a solution of 55 mM iodoacetamide in the dark for 1 h at room temperature. Trypsin (12.5 ng/L in 25 mM NH 4 HCO 3 , pH 8.0) was added to each gel piece at 37°C for 20 h. Then the peptides were extracted twice with 50% acetonitrile/0.5% formic acid and combined extracts were dried in a SpeedVac instrument for subsequent LC-MS/MS analysis. The peptides were separated using a Q Exactive mass spectrometer coupled to Easy nLC (ProxeonBiosystems, now Thermo Fisher Scientific). The peptides were loaded with 95% solvent A (10 mM ammonium formate, pH 10 in 95:5 water:acetonitrile) and solvent B (10 mM ammonium formate, pH 10 in 16:84 water:acetonitrile). A stepwise gradient of 0-55% solvent B for 83-85 min and 55-100% solvent B for 85-95 min was used to separate the peptides. Survey scans were set at a resolution of 70,000 at 200m/z and resolution for HCD spectra was 17,500 at 200m/z. Normalized collision energy was 30 eV and dynamic exclusion duration was 60 s. MS/MS spectra were used to search with the MASCOT engine (Matrix Science, London, UK; version 2.2) using the nonredundant UniProt International Protein Index. The parameters were provided in Supplement Table 3 .
Lentivirus transfection
For gene silencing, HN6 and SCC-25 cells were transfected with GFP-labeled shPTK7 lentivectors or control lentivectors (Genomeditech, Shanghai, China) according to the manufacturer's instruction. Similarly, CAL 27 cell line was transfected with lentiviral particles with PTK7 construct or empty vector (Genomeditech, Shanghai, China). Rca-T cells were transfected with with GFPlabeled lentivectors. Then the cells were treated with puromycin (5 μg/mL) for 2 weeks to establish stable cell lines.
Sphere-forming assay
A single-cell suspension of 1 × 10 5 HNSCC cells was seeded in ultra-low attachment six-well plates (Corning, USA). Cells were cultured in DMEM/F12 media (Gibco, USA) supplemented with 20 ng/mL bFGF, 20 ng/mL EGF, 1% N2, 2% B27 (Gibco, USA). The culture media was changed twice a day until the diameter of the sphere reached 0.5 mm. The number of spheres was calculated 2 weeks after seeding. Each assay was repeated at least three times.
(see figure on previous page) Fig. 6 POSTN-PTK7 regulated Wnt/β-Catenin signaling in HNSCC. a After being starved with serum-free DMEM overnight, HN6 shNC and shPTK7 cells were treated with 100 ng/mL rhPOSTN for 0, 15, 30, 60, 120, 240 min. The lysates were prepared, and the expression of PTK7, p-Lrp6, Dvl2, Naked2, GSK3β, p-GSK3β, and β-Catenin was analyzed by western blot. Tubulin was used as a loading control. b After being starved with serum-free DMEM overnight, SCC-25 shNC and shPTK7 cells were treated with 100 ng/mL rhPOSTN for 0, 15, 30, 60, 120, and 240 min. The lysates were prepared, and the expression of PTK7, p-Lrp6, Dvl2, Naked2, GSK3β, p-GSK3β, and β-Catenin was analyzed by western blot. Tubulin was used as a loading control. c After being starved with serum-free DMEM overnight, CAL 27 Lv-NC and Lv-PTK7 cells were treated with 100 ng/mL rhPOSTN for 0, 15, 30, 60, 120, and 240 min. The lysates were prepared, and the expression of PTK7, p-Lrp6, Dvl2, Naked2, GSK3β, p-GSK3β, and β-Catenin was analyzed by western blot. Tubulin was used as a loading control. d After being starved with serum-free DMEM overnight, HN6 shNC and shPTK7 cells were treated with control DMEM medium or 100 ng/mL rhPOSTN for 30 min; the location of β-Catenin was detected by laser scanning microscopy. Scale bar: 10 μm Cell proliferation assay HNSCC cells were plated in 96-well plates at a density of 1 × 10 3 cells per well. At the indicated time points, 10% CCK8 (Dojindo, Japan) was added to the plate and the OD value at 450 nm was measured after 1-4 h. All experiments were performed in triplicate, and the mean proliferation rate was reported.
Colony formation assay
HNSCC cells were plated in six-well plates at a density of 1 × 10 3 cells per well in triplicate, and cultured in a humidified incubator at 37°C. After 2 weeks, cells were washed with PBS, fixed in 4% paraformaldehyde, stained with 0.5% crystal violet, and were counted at least three times.
Transwell assay
For cell migration assay, a total of 2 × 10 4 HNSCC cells in 200 μL serum-free DMEM was plated in the upper chamber (Merck Millipore, USA) of the 24-well plates and 600 μL DMEM or DMEM/F12 containing 10% FBS with or without 100 ng/mL rhPOSTN was added to the lower chamber of 24-well plates. After cultured in a humidified incubator at 37°C for 24 h, the chamber was washed with PBS for three times, fixed in 4% paraformaldehyde, stained with 0.5% crystal violet for 1 h. Cells on the upper surface of the chamber were removed with a small cotton swab and washed under flowing water. After drying, cells were counted for at least three times.
For cell invasion assay, Matrigel (BD Biosciences, USA) was plated on the upper chamber at 37°C overnight, and subsequent steps were the same as transwell invasion assay.
Wound-healing assay
HNSCC cells were cultured in six-well plates in DMEM or DMEM/F12 until 100% confluence. The cells were scraped with a P200 tip (0 h), washed with PBS for three times, changed for serum-free DMEM with or without 100 ng/mL rhPOSTN, and pictures were taken at 0, 12, and 24 h for at least five non-overlapping fields.
Animal experiments
All animal experiments were performed in accordance with the guidelines approved by the Shanghai Jiao Tong University School of Medicine. To determine the role of PTK7 in chemoresistance, a total of 1 × 10 6 HN6 cells in 100 μL serum-free DMEM were subcutaneously injected into the left and right flanks of the 6-week-old BALB/C nude mice. Four days after injection, the tumor-bearing mice (20 tumors each group) were treated with vehicle, PTK7 antibody (10 μg per tumor nodule) around the tumor, erlotinib (50 mg/kg/ day), or the combination of PTK7 antibody and erlotinib (50 mg/kg/day) twice a day for 14 days.
To determine the role of PTK7 in lung metastasis, the lung metastasis model was performed. A total of 2 × 10 6 Rca-T cells in 200 μL serum-free DMEM with or without PTK7 antibody was injected intravenously into the lateral tail vein of the 6-week-old BALB/C nude mice (3 mice each group). The animals were sacrificed at 0, 1, and 4 days and 1 and 2 weeks respectively. In every group, one lung tissues was performed cryosections and the other two were fixed in neutral-buffered formalin for further experiments. Tumor volume = 1/2 × length × (width) 2 . Mice were sacrificed at day 18 and tumors were isolated.
To evaluate the tumor-promoting role of POSTN and PTK7 in vivo, a xenograft model was performed in BALB/ C nude mice about 6-week-old. 1 × 10 6 HN6 shNC or HN6 shPTK7 cells in 100 μL serum-free DMEM with or without 100 ng/mL rhPOSTN were injected subcutaneously into the left or right posterior flanks of the BALB/C nude mice. The weight of the mice and tumor volume were measured every third day for a total of over 20 days. Mice were sacrificed at day 22 and tumors were taken out and photographed. After formalin submerged and paraffin embedded, the tissues were performed H&E and IHC experiments.
Statistical analyses
All of the measurement data were performed with SPSS 19.0 statistical software. Kaplan-Meier survival analyses were used to analyze the relationship between PTK7 expression level and the clinicopathologic features. Student's t-test and one-way ANOVA were used to compare the means of two or more groups. The Cox proportional hazards model was used for multivariate analyses; p < 0.05 was considered to be statistically significant.
